Protein structure is generally more conserved than sequence, but for regions that can adopt different structures in different environments, does this hold true? Understanding how structurally disordered regions evolve altered secondary structure element propensities as well as conformational flexibility among paralogs are fundamental questions for our understanding of protein structural evolution. We have investigated the evolutionary dynamics of structural disorder in protein families containing both orthologs and paralogs using phylogenetic tree reconstruction, protein structure disorder prediction, and secondary structure prediction in order to shed light upon these questions. Our results indicate that the extent and location of structurally disordered regions are not universally conserved. As structurally disordered regions often have high conformational flexibility, this is likely to have an effect of how protein structure evolves, as spatially altered conformational flexibility can also change the secondary structure propensities for homologous regions in a protein family.
Introduction
Protein structure is generally regarded to be more conserved than sequence (Chothia and Lesk 1986) . High sequence divergence, far beyond detectable sequence similarity, often still results in the same protein structure, or fold (Orengo, Jones, and Thornton 1994) . The concept of protein structure conservation among homologous proteins provides the foundation for three dimensional protein structure modeling. However, not all homologous proteins have a conserved structure (Grishin 2001) , but how frequent these structural swaps are remains to be determined.
Moreover, many proteins are found in different conformational states regulated by an allosteric effector. Traditionally allosteric proteins have been viewed as having two states, a tense and a relaxed state (Monod, Wyman, and Changeux 1965; Koshland, Nemethy, and Filmer 1966) .
Recent studies of thermodynamics have improved our understanding of allosterism to include a model of different conformational populations in equilibrium, where the equilibrium can be shifted in response to allosteric signals (Gunasekaran, Ma, and Nussinov 2004) . However, the redistribution of conformations is not exclusive for allostery, but a physical property of proteins (Gunasekaran, Ma, and Nussinov 2004) . If viewed from the folding energy landscape, the conformational dynamics increase from globular proteins with a well-defined global minimum to those that are present as highly dynamic ensembles of interconverting conformational states separated by low energy barriers, as the intrinsically disordered proteins (IDPs) are (Turoverov, Kuznetsova, and Uversky 2010) . The IDPs are (fully or partly) structurally disordered. IDPs are prone to adopt different conformations in different environments. Different conformational states are favored in interactions with different structural scaffolds and post-translational modifications are often involved in regulating conformational ensembles. An example of conformational flexibility was recently shown for p53; the same sequence stretch can adopt a β-sheet, an α-helix, or two distinct coils when interacting with different proteins (Oldfield et al. 2008) . Disordered regions within proteins show variation of sequence conservation (Chen et al. 2006 ) and the fraction of structurally disordered protein (disorder length > 30) increases from a few percent in prokaryotes to one third in multicellular eukaryotes (Ward et al. 2004) . So far, the main focus of studying IDPs has been centered on the conserved disordered regions, while the regions that are not conserved have been ignored. The fundamental properties of structurally disordered regions make them interesting candidates for studying how protein structure evolves, especially in regard to neostructuralization. We have investigated the evolutionary dynamics of structural disorder in two different protein families after gene duplication. Gene duplication yields functional redundancy and for retained duplicate genes, subfunctionalization and neofunctionalization are common events (He and Zhang 2005; Hughes and Liberles 2007) . These events enable the possibility of retaining a certain set of the conformational states, especially if the duplicated gene has many roughly equally populated conformations. The proteins studied are the clusterin and synuclein protein families.
Patterns of structural disorder among paralogs show variation
The clusterin protein family is a molten globule-like protein, which has been found to be partially disordered in mammals (Bailey et al. 2001) . Further, clusterin is a functionally promiscuous protein (Wilson and Easterbrook-Smith 2000) . Phylogenetically, clusterin is a vertebrate specific protein that has undergone at least one gene duplication in early vertebrates, resulting in two, now distantly related, copies, clusterin (C) and the clusterin-like (CL) protein ( fig. 1A ). These paralogs show two distinct patterns of protein structure disorder, but within each orthologous family the patterns of disorder are similar (fig. 1B) . The regions that show high disorder in either C or CL tend to vary between the two groups, while low disorder propensity regions tend to be more conserved. Secondary structure prediction reveals conserved secondary structures within each paralogous group, with exceptions only from Danio rerio ( fig. S3 ). When comparing disorder and secondary structure propensity changes, these appear to change in concert ( fig. 1B) . The region between 151 and 201 shows higher disorder in CL and an additional β-strand and α-helix are predicted in C. Similarly, the region around 251 shows higher disorder in CL, while a β-strand is predicted in C. The region from 301 to 351 has had two indel events and high disorder is predicted for both paralogs, and there are differences in the secondary elements predicted for the different paralogs in this region.
Conserved pattern of structural disorder but variation in secondary structure element prediction among paralogs
The synuclein protein family consists of three paralogs, alpha (αS), beta (βS), and gamma (γS).
All human synucleins are fully disordered (Uversky 2003; Bertoncini et al. 2007; Singh et al. 2007 ). Similar to the clusterin family, αS, βS, and γS are found throughout the vertebrate clade ( fig. 2A ). The synucleins show fairly similar patterns of protein structure disorder for all paralogs ( fig. 2B ), yet interesting differences appear in the predicted secondary structures. Conserved secondary structures are predicted for each paralogous group, but there are differences between groups ( fig. 2) . From 66-86, γS has a long α-helical segment, while αS has β-strands and a short α-helix, and βS has a small β-strand in addition to a gap. Similar differences are seen for the region around 110-120.
Concluding remarks
These results imply that disordered regions are not universally conserved, but interconvert with secondary structural elements on evolutionary timescales. As regions of structural disorder often are involved in protein-protein interactions, frequently mediated by post-translational modifications (reviewed in (Gsponer and Babu 2009) ), changes in disorder propensity indicate functional differences between paralogs. Non-conserved structural disorder in domain-domain linkers yields possibilities for alternative domain-domain packing in multidomain proteins, while variation of structural disorder within a domain increases the chance of fold transitions or secondary structural element propensity changes among homologs. Here we aimed to focus on the regions with changes in secondary structure propensity that occur in the non-conserved disordered regions. However, also in the seemingly conserved disorder patterns we find the same secondary structure transitions, indicating that similar patterns of disorder may not correspond to the same type of conformational interplay. This study is based upon computational predictions of secondary structure and disorder, using methods approaching 80% accuracy (Cole, Barber, and Barton 2008; Szappanos et al. 2010) . Although this study is too limited for identifying general trends; that these transitions are found in both protein families analyzed, implies the importance of structural disorder for protein structure evolution. This research opens the ground for important questions about the co-evolution of post-translational modification and disorder as well as the role of gene duplication in altering the selective pressures on conformational ensembles.
Methods
Based on two sequences from the Disprot database of experimentally verified disordered proteins (Sickmeier et al. 2007) , clusterin from Rattus norvegicus and αS from Homo sapiens, two datasets were gathered by BLAST against selected genomes in the RefSeq protein database. Both datasets were aligned using Muscle (Edgar 2004) . A test for evolutionary model was performed for both datasets in Prottest v2.4 (Abascal, Zardoya, and Posada 2005) with all substitution matrices there implemented and with the possible combinations of invariant sites, a gamma distribution with four rate categories, and observed amino acid frequencies. Phylogenies were reconstructed using MrBayes (Ronquist and Huelsenbeck 2003) with the JTT substitution matrix (Jones, Taylor, and Thornton 1992) and gamma as proposed by Prottest to be the best evolutionary model according to the Akaike's information criterion (Akaike 1973) . Both datasets ran for 50 million generations (2 by 4 chains). The consensus trees were built with a default burnin phase, disregarding the first 25 % of the samples. Protein structure disorder was predicted using IUPred (Dosztanyi et al. 2005 ) (disorder length > 30) and secondary structure was predicted using Jpred (Cole, Barber, and Barton 2008) as implemented in JalView (Waterhouse et al. 2009 ).
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Supplementary figures S1-S8 are available online. 
